This journal is Fe(OTf)2 was used to catalyze the insertion reaction of adiazocarbonyls into S-H bonds at 40 °C. A wide range of athioesters was obtained in yields up to 96% within 24-48 h from their corresponding a-diazoesters. A scope of thiols was used for the unprecedented insertion reaction with an a-diazoketone leading to yields up to 85% of a-thioketones.
The high versatility of diazo compounds has rendered them prevalent in organic synthesis. Their affinity to form metal carbenes with transition metals has paved way for different types of chemistries which have been topics of interest ever since the initial consensus on the formation of electrophilic metal carbenes, primarily proposed by Yates, 1 up until this very day. 2 The importance of diazo compounds and the still-ongoing interest in their chemistry is not surprising because taking into account the list of reactions they can undergo which include cyclopropanation, 3 Wolff rearrangement, 4 and alkoxylation/acetalization reactions; 5 they offer facile routes towards different functionalized compounds that are sometimes inaccessible by other methods. The insertion reaction of diazo compounds into X-H bonds (X = C, Si, S, O, N, Ge, Sn, …) via transition metal catalysis is an atom-economical path towards a large number of tailored X-functionalized compounds. 6 Insertion reactions have been well developed and are still scrutinized leading to significant findings with different transition metals, broader scopes, and also chirally enriched functionalities. 6a, 7 Thioethers are important intermediates in organic synthesis which can undergo further derivatization through hydrogenolysis, oxidation reactions, and alkylations. 8 The incorporation of sulfides in biotin and also in methionine has led to their popular use in biology as well. 9 Methods towards athiocarbonyls involve substitution reactions, insertion of sulfoxonium ylides, and Stevens rearrangement (Scheme 1). 10 An alternative method is the transition metal-catalyzed insertion reaction of a-diazocarbonyls into S-H bonds which was first discovered by Yates in 1952. 1 In his pioneering work, the copper-catalyzed insertion reaction of adiazoacetophenone with thiophenol yielded 2-(phenylthio)acetophenone in 67%. It was not until the discovery of the high catalytic activity of Rh2(OAc)4 in 1974 that the insertion into S-H bonds was further developed. 11 Under Rh catalysis, an enantioselective insertion of diazobutanone into 12 Simonneaux was then successful in achieving very good yields when using Ru porphyrin complexes for the insertion of a-diazoacetate into S-H and N-H bonds. 13 The same group then extended their study to conduct an asymmetric insertion into S-H bonds with a chiral Ru porphyrin complex that led to low enantioselectivities. 14a Other reports have been published by Simonneaux to advocate the use of porphyrin complexes leading to pioneering achievements in the field. 14 Further developments in S-H insertions including In, 15 Sc, 16 Rh, 17 and Cu catalysis 18 in addition to organocatalysis 19 and biocatalysis 20 have provided pivotal finding in terms of the scope and the mechanism of S-H insertion reactions. 21 Iron catalysis has been reported to promote transformations with diazo compounds but has been involved in a few examples for the insertion into S-H bonds which include a study conducted by Gross who used Fe III -corroles and porphyrins to catalyze S-H bond insertions of ethyl diazoacetate and ethyl 2diazopropanoate in very good yields. 22 Iron catalysts exhibit interesting properties which make them increasingly mainstream 23 and is why we decided to tackle the insertion of a-diazocarbonyls into S-H bonds catalyzed by a simple iron salt and to develop the reaction with a-diazoketones which is unprecedent. Our group has been recently involved in diazo chemistry where we were successful in establishing a Cu Icatalyzed insertion reaction of a-diazoesters and adiazoketones into Si-H and S-H bonds. Afterwards, an ironcatalyzed insertion reaction of a-diazoesters into Si-H bonds was developed. 24 Delighted by the results obtained with iron, and our group's interest in promoting iron catalysis, we decided to tackle an iron-catalyzed insertion reaction of a-diazoesters and a-diazoketones into S-H bonds using a simple iron salt being Fe(OTf)2.
In order to establish optimum conditions, we initially examined the insertion reaction of methyl a-phenyl-a-diazoacetate with thiophenol. When using 10 mol% of Fe(OTf)2 at rt, no conversion of the diazo compound 1a was observed ( Table 1 , entry 1). However, increasing the temperature up to 40 °C drastically improved the yield up to 77% (entry 2). Increasing the catalytic loading up to 15 mol% did not alter the yield; however, completion was achieved in 24 h instead of 48 h (entry 3). 25 Also, when using 4 equiv. of thiophenol instead of 2 equiv., the yield further improved up to 87% (entry 4). Afterward, other Fe II and Fe III salts were investigated for this reaction. In the case of Fe(OTf)3 in a 15 mol% catalyst loading, the reaction did not achieve completion where conversion into the insertion product reached 75% after 24 h (entry 5). When using FeCl2, unreacted a-diazoester 1a was still observed after 24 h with 62% conversion into 2aa (entry 6). The same situation was observed when switching to FeCl3 where only 22% conversion into 2aa was observed (entry 7). Thus using Fe(OTf)2 in 15 mol% was kept for further screening. Next, the substrate scope of a-diazoesters was investigated for this reaction. The S-H insertion reaction of variously substituted thiophenols with methyl a-phenyl-a-diazoacetate 1a was run under the optimal reaction conditions using 15 mol% of Fe(OTf)2 in CH2Cl2 at 40 °C (Scheme 1). Good yields were obtained with substituted thiophenols containing electron-donating groups, such as methyl, and electron-withdrawing groups in the para-position, such as Br and Cl (2ac-ad). Good yields were also obtained when using substituted a-diazoesters containing electron-donating groups (2ba-ca); however, low yields were obtained with electron-withdrawing groups (2da-ea).
Scheme 1 Iron-catalyzed S-H bond insertion reaction of thiols with a-diazoesters.
Reaction conditions: Fe(OTf)2 (15 mol%), thiol (1 mmol), methyl a-aryl-a-diazoacetate 1a-e (0.25 mmol), CH2Cl2 (1.2 mL), 40 °C, 4 Å molecular sieves (50 mg), 1 h slow addition of the a-diazoester (1a-e).
To the best of our knowledge, the insertion reaction of adiazoketones into S-H bonds has never been investigated and thus, a variety of aromatic and aliphatic thiols was examined for this transformation. The corresponding a-thioketones were afforded in yields ranging between 31% and 85% (Scheme 2). 26 The reactivity of the a-diazoketone 3a towards the different derivatives of thiophenol was seen to be influenced by the electronic properties of the substituents on the phenyl ring of (4b and  4c) . p-Methylthiophenol resulted in a moderate yield as in the case of non-substituted thiophenol (4d). However, when using o-methylthiophenol the yield decreased to 42% (4e). Fe(OTf)2 was able to catalyze the insertion reaction of 2-pyridinethiol affording the expected product, but in poor yield (4f). It was noticed that Fe(OTf)2 was less efficient towards benzyl thiol where the yield dropped to 39% (4g). On the other hand, benzyl thiols containing an electron-withdrawing group, Cl, either in the para or ortho positions were better to insert, leading to the formation of the a-thioketones in moderate yields (4h and 4i) .
Aliphatic thiols, such as 2-propanethiol or 1-butanethiol, reacted with 3a but required 20 mol% of Fe(OTf)2 to proceed, the desired products were obtained but in poor yields (4j, 44% and 4k, 31%). 27
Scheme 2 Iron-catalyzed S-H bond insertion reaction of thiols with a-phenyl-adiazopropan-2-one 3a. Reaction conditions: a-diazoketone 3a (0.25 mmol), thiol (1.25 mmol), CH2Cl2 (2.5 mL), 40 °C, 4 Å molecular sieves (50 mg), 1 h slow addition of adiazoketone 3a. a Reaction was performed using 20 mol% Fe(OTf)2.
In order to gain further insight into the mechanism of an ironcatalyzed S-H insertion, control experiments were conducted with methyl a-phenyl-a-diazoacetate. S-H insertions as well as O-H and N-H insertions are known to be stepwise, by which an ylide intermediate is formed which then rearranges to yield the insertion product. 21, 28 The ylide intermediate could be trapped by reacting the a-diazoester with allyl(phenyl)sulfide leading to the formation of a rearranged product. 20a, 29 In this case, the reaction of a-diazoester 1a with allyl(phenyl)sulfide 5a under the previously established optimal conditions did not lead to any noticeable conversion of the a-diazoester (Scheme 3). However, the [2,3]-sigmatropic rearrangement of the iron-ylide intermediate was activated by heating up the reaction to the reflux of dichloroethane, allowing a smooth reaction into the rearranged product 6a in 91% yield. The involvement of an ylide intermediate was also confirmed by the existence of an H/D kinetic isotope effect which was determined by the competition experiment of p-methylthiophenol with its deuterated analog resulting in an observed KIE of 2.8. 28b The obtained KIE value is indeed correlated with the S-H breakage event that occurs in the second step after the formation of the metal carbene, but no conclusion for the rate-determining step of the all processfrom the diazo to the insertion product -can be drawn from this study. Moreover, it has been previously established that the rate determining step is governed by the formation of the metal carbene for polar X-H insertions. 6a Theoretical studies with Rhcatalyzed transformations revealed that the activation energy of the metal carbene formation is rate-determining and, so, it is most likely that, with iron, a much higher activation energy is expected. 47 On the basis of these results, we, therefore, propose a mechanism for the insertion reaction of methyl aphenyl-a-diazoacetate into S-H bonds catalyzed by Fe(OTf)2 (Scheme 3). The reaction is triggered by the formation of a formal iron(IV) carbene (Scheme 3, A) after the extrusion of N2. 3a, 30,31 The electrophilic iron carbene is then attacked by the thiol yielding the sulfonium ylide (Scheme 3, B) . The ylide could then either directly undergo a proton transfer to give the insertion product and regenerate the iron catalyst, or the iron could dissociate from intermediate B leading to a free ylide C. 29 In the case of the latter, ylide C can immediately undergo a proton transfer or go through an enol intermediate to lead to the final insertion product. To sum up, we have successfully developed an efficient Fe IIcatalyzed protocol for the metal carbene insertion reaction of a-diazoesters and an a-diazoketone into S-H bonds. The use of a simple iron salt as the catalyst permits access to a wide range of a-thioesters in yields up to 96%. The unprecedent insertion of an a-diazoketone into S-H bonds has allowed access to new a-thioketones in yields as high as 85%. Further developments will be reported in due course.
Scheme 3 Control experiments and proposed mechanism
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